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We introduced the fast alternating sputter method and its application on deposition of TiO2-SiO2 mixedfilms. By using fast alternating sputter, the TiO2 and SiO2 were completely mixed in the film, and no thin-
pair structure could be found by x-ray diffraction. The structure of the mixed films was amorphous in a wide
composition range. The optical properties of the mixed films in the visible and near infrared changed from
SiO2-dominant to TiO 2 -dominant as TiO2 content in the film increased.
1. Introduction
Tailoring the refractive index of an optical thin film to
meet the requirements of various applications in thin-
film optics has long been the subject of interesting
research.1-13 Mixing two different materials with high
and low refractive indices in thin-film form to obtain
composite thin films with an intermediate index is the
most common approach. Evaporation of a single
mixed source3-8 and sputtering of a composite target13
are frequently used methods for compositional homo-
geneous mixed films. Coevaporationl' 1",12 and cosput-
tering can be used when continuous change of the film
composition is required. In these methods, the rela-
tive deposition rate of the two evaporation sources or
sputtering targets need to be controlled independent-
ly, and special substrate rotation design is required to
ensure the compositional homogeneity in the mixed
film as well as thickness uniformity. In the past, most
efforts on deposition of mixed films were evapora-
tion,- 11 but, with the advent of the commerically
available automatic impedance-matched tuning net-
work, fast change of the sputtering power became easy
to achieve. Because of the long-term stable nature of
the sputtering process and slow erosion of the target,
once a calibration among the sputtering power and
deposition rate is done, the sputtering process is a
friendly and easily handled deposition method from
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the process control point of view. In this paper we
introduce the fast alternating sputter (FAS) method
used to produce TiO2-SiO2 mixed films. In FAS,
high-index and low-index materials are sputtered onto
the substrate alternately. With fast substrate rota-
tion, complete mixing of the two materials can be
achieved. And the refractive index of the mixed film is
adjustable by simply changing the relative sputter
power of each target. Results of the optical properties,
compositional analysis, and structure analysis of the
TiO2-SiO2 mixed films prepared by FAS are also pre-
sented.
11. Fast Alternating Sputter
The inside of the deposition chamber for FAS is shown
in Fig. 1. With two sputter targets facing each other, a
cylindrical shield is placed in the center to avoid cross
contamination of the targets. The substrate holder is
attached to the cylindrical shield, which is rotated
about the center axis through a ferrofluidic rotation
feedthrough. A circular substrate holder sits on a
circular track, shown in Fig. 1 as a dashed circle. The
substrate itself rotates independently while it rotates
with the cylindrical shield to assure thickness unifor-
mity. The ratio of the radius of the cylindrical shield
rotation to the radius of the substrate holder rotation
must be large and noninteger to avoid resonance.
During deposition, both sputter units are turned on.
The deposition rate of the FAS is reduced by x times
the deposition rate of the static deposition rate, where
x is the ratio of the time the substrate faces each target
in one rotation to the period of a full rotation; the
deposition rate is independent of rotation speed.
There are many advantages for alternate sputtering:
Without rotation, multilayer deposition with high-in-
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Fig. 1. Alternating sputter setup.
dex and low-index layers can be achieved by simply
turning the substrate to face each target statically to
deposit each layer. With rotation, one pair of high-
and low-index films can be deposited for each rotation.
The thickness of the pair and the thickness of each
layer in the pair can be adjusted by changing the rota-
tion speed and the sputter power of the sputter units.
Calibration is required of deposition rate vs sputter
power to each target. With slow rotation, thin pairs of
alternating high- and low-index layers of varying
thicknesses can be produced. This method can be
applied to the deposition of Herpin equivalent gradi-
ent-index films'4 in which each gradient-index film is
divided into thin layers of uniform index; each thin
layer is then the Herpin equivalent to three HLH or
LHL layers through Herpin equivalent transfer; the
gradient-index film becomes a stack with alternate H
and L layers of continuously varying thicknesses. The
slow alternating sputter method is suitable for this
kind of multilayer design.
When the rotation is fast enough so that less than a
monolayer of each material is deposited within each
rotation, complete mixing of the high- and low-index
materials is expected. The relative composition of the
mixture can be controlled by adjusting the sputter
power to each target. The advantages of FAS are,
therefore, (i) if two materials are soluble to any degree,
mixing can be done to any degree by simply adjusting
the sputter power to each target, and a compositionally
homogeneous single layer can be produced with any
intermediate index; (ii) by continuously varying the
relative power to the sputter units during FAS, a true
gradient-index layer can be produced, and the index
profile can be controlled by again controlling the sput-
ter powers.
In this paper we report the results of applying FAS
to produce single mixed films of TiO2-SiO2. The de-
position conditions were 850C substrate temperature,
30% oxygen partial pressure in Ar with 3.5 X 10- 2-mbar
total pressure. The targets were high purity Ti and
SiO2. The sputter units were rf magnetrons with auto-
matic impedance-matched tuning networks. The
maximum rf power to each target was 400 W; within
this range, the deposition rate vs rf power for pure TiO2
film and pure SiO2 film were both linear with slopes of
12.1 X 10-2 and 18.6 X 10-2 A/min W, respectively.
With these conditions, the pure TiO2 film was trans-
parent with high index (see Fig. 6), and the optical
properties of both TiO2 and SiO2 pure films were found
to be independent of sputter power.
111. Results and Discussion
A. Composition
The composition analysis of electrical insulating thin
films always presents charging problems when subject
to electron types of surface analysis tool,'5 such as
electron probe microanalysis or Auger electron spec-
troscopy. Besides charging problems, the in-depth
resolved compositional analysis is mostly destructive.
We used Rutherford backscatter spectroscopy (RBS)
for nondestructive compositional analysis of the TiO2-
SiO2 mixture film. For RBS, an a-particle beam of 2-
MeV energy is incident on the film-substrate system;
We measured the number and the energy of a particles
backscattered from different depths in the film by
colliding with the constituent nuclei. The kinds of
nuclei and their distribution in the film can be known,
and the ratio m:n of the Ti to Si nuclei in the film can be
calculated according to the simple relation'6
m/n = [H(Ti)/H(Si)][a(Si)/a (Ti)],
where H is the total count of the backscattered a
particles from Ti and Si nuclei in the film, and af is the
collision cross section of Ti and Si nuclei with respect
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Fig. 2. Rutherford backscattering spectroscopy data for four mixed
films with Ti:Si ratios (from top to bottom) of 25:75, 47:53, 60:40,
72:28, respectively.
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Table I. Relative Compositions (Atomic) from RBS of Ti:Sl for Each
Mixed Filma
Sample 1 2 3 4
Ti:Si (RBS) 72:28 60:40 47:53 25:75
TiO 2 :SiO2 85:15 70:30 50:50 30:70
a The TiO2:SiO2 ratio was estimated using the thickness ratio
method discussed in Subsection III.A.
to a-particle scattering. The RBS data of four mixed
films are shown in Fig. 2. The peak with a shoulder at
-500 keV is caused by the Ti nuclei in the film; the
peak with a shoulder at -400 keV is caused by the Si
nuclei in the film; the signal at energies behind Si in the
film were caused by Si and 0 of the glass substrate and
O of the film. For a mixed film of two oxides, it is not
possible to separate the oxygen signal from each oxide
in the RBS measurement. Only the relative composi-
tion of Ti and Si atoms can be obtained. Table I lists
the relative compositions (atomic) from RBS of Ti:Si
for each mixed film. In the past, because of the lack of
advanced surface analysis tools, the compositions of
the mixed film produced by the codeposition tech-
nique were mostly estimated by thickness ratio, i.e.,
the deposition rate for each single composition film
was known beforehand, and the relative composition
of the mixed film was then assumed to be the ratio of
the deposition rates of the individual materials. Table
I lists the relative composition of TiO2:SiO2 obtained
by the thickness ratio method. It is obvious that the
composition so estimated is far from the true composi-
tion obtained from RBS, although the trend of increas-
ing and decreasing composition is the same.
B. Structure
To apply the FAS method to produce mixed films, it is
important to know whether the film so produced is
completely mixed or if a periodic thin-pair structure
normal to the substrate surface exists. If a periodic
thin-pair structure with pair thickness d exists, when
the film is subject to x-ray diffraction with x ray inci-
dent at an angle (/2) - 6 to the surface normal, dif-
fraction peaks must appear according to the Bragg
formula 2d sin = mX, where X is the wavelength of the
x ray. Figure 3 shows the x-ray diffraction pattern for
the mixed films in Table I. According to the thickness
ratio method mentioned in Subsection III.A, the pair
thickness, if there is any, of the mixed films in Table I
was estimated to be -2-3 A, and the total thickness of
the films ranged from -3000 to 5000 A. If there is pair
structure, there should be enough pairs to produce a
significant diffraction peak, and for Cu Ka x-ray dif-
fraction, the peak should appear around 20 - 30-45°.
Figure 3 shows no diffraction for all the films. It not
only indicates that the films are completely mixed, i.e.,
there is no pair structure, it also indicates that the
structure of the mixed films is amorphous. The amor-
phous structure is a desired property for the mixed
films. The x-ray diffraction data of the pure TiO2 film
in the same thickness range prepared in the same
conditions, however, showed coexisting crystalline
phases of both anatase and rutile. This observation
C
a'
CE
5 20 35 50 65 80
100[
5 20 35 50 65 80
0
5 20 35 50 65 80
100
5 20 35 50 65 80
2 ( degree )
Fig. 3. X-ray diffraction data for the mixed films in Fig. 2 with the
same Ti:Si ratios (from top to bottom).
reveals two interesting questions: how does the crys-
talline structure of pure TiO2 film change to amor-
phous when some SiO2 is added, and what is the critical
SiO2 composition to trigger the transition from crystal-
line to amorphous? Further detailed investigation on
the structure change of the mixed film as its composi-
tion is close to pure TiO2 is required to answer these
questions.
C. Optical
The transmission spectra of the mixed films are shown
in Figs. 4 and 5. Several optical characteristics of the
films can be seen immediately: (1) The transmission
peaks of the films in the visible and near-infrared
wavelength ranges touch that of the bare substrate,
indicating little absorption. (2) The absorption edge
in UV shifts to a longer wavelength as TiO2 content
increases, consistent with the fact that the energy gap
of TiO2 is smaller than SiO2 .'3 (3) The peak-to-peak
amplitude of the transmission spectrum increases as
TiO2 content increases, indicating an increasing re-
fractive index with TiO2 content. Both (2) and (3)
indicate a smooth transition from SiO2-dominant opti-
cal property to TiO2-dominant optical property as the
TiO2 content of the mixed films increases. Refractive
index n of the mixed films in the wavelength range of
negligible absorption can be deduced from the simple
relation
= d, m 1,2,3,.
4n
where d is the thickness of the film and X is the wave-
length at which the transmission spectrum has an ex-
tremum. The number m can be figured out17 by the
reasonable assumption that the refractive index of the
mixed films must be between that of pure TiO2 and
SiO 2 . The refractive index versus the wavelength of
the mixed films in Table I is shown in Fig. 6. Within
these wavelength ranges, the index decreases as TiO2
content decreases. All the films showed normal dis-
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Fig. 4. Transmission spectra for the mixed films and bare substrate. The ratios are the Ti:Si ratios of the film.
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Fig. 5. Transmission spectra for the mixed films and bare substrate. The ratios are the Ti:Si ratios of the film.
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Fig. 6. Refractive index versus wavelength for the mixed films in
Figs. 4 and 5.
persion. The material properties of the TiO2-SiO2
composite both in bulk form and in thin-film form are
poorly understood and available data from the litera-
ture are limited; however, according to the x-ray dif-
fraction data in Fig. 3 and the change of refractive
index with composition of the mixed films in Figs. 4
and 5, TiO2 and SiO2 seem to be able to form amor-
phous solid solutions over a wide composition range in
thin-film form when prepared by FAS with our deposi-
tion conditions.
IV. Conclusion
We have introduced the FAS method and its applica-
tion to deposition of TiO2-SiO2 mixed optical thin
films. The TiO2-SiO2 mixed films prepared by FAS
showed complete mixing without periodic pair struc-
ture. The mixed films were found to be amorphous
with composition ranging from pure SiO2 to pure TiO2,
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and the optical properties of the mixed films changed
from Si0 2-dominant to TiO2-dominant as the TiO2
content in the mixed film increased. An interesting
question concerning the structure of the mixed films
was raised from our study: does the crystalline struc-
ture of pure TiO2 film change to amorphous as soon as
SiO2 is introduced or is there a small SiO2 concentra-
tion range within which the mixed films remain crys-
talline? Further detailed study on the material prop-
erties of the mixed films must be carried out to clarify
this question.
The authors are grateful to Shiu-Chin Wu of the
Department of Physics, National Tsing Hua Universi-
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interpretation.
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